Railway track degrades more quickly in the transition zones between embankments and bridges, mostly due to the development of settlements in the backfill. This amplifies the dynamic train/track interaction forces and accelerates the deterioration of the components of both the track and the vehicles. Consequently, it induces additional maintenance costs, reduces passenger comfort and, ultimately, it may affect train safety at transition zones. To address this problem and to obtain more insight into the influence of the settlement profiles of the backfill in the train/track system, nonlinear dynamic analyses were performed using a transition zone model to simulate different settlement profiles of the backfill. In some cases, the results showed significant amplifications of axle accelerations and loads. In general, the greater the number of hanging sleepers and their gap sizes, the higher the vertical accelerations of the sleepers and the larger the vertical contact forces between the sleepers and the ballast layer. Settlement profiles associated with backfills with a wedge shape seem to limit these negative aspects.
Introduction
Previous studies have reported that railway track degrades at a quicker rate in transitions zones between sections of the track with different characteristics and support conditions. [1] [2] [3] [4] Transition zones between earthworks, bridges, viaducts or tunnels are some examples of these critical locations. To maintain adequate safety and quality levels, railway infrastructure managers need to perform frequent maintenance work, which is costly and reduces track availability. Regarding transition zones from embankments to bridges, various authors consider that the problems are a consequence of two main factors: 1,5-7 (i) the sharp variations of the vertical stiffness of the track at the approach to the bridges; and (ii) the development of differential settlements at the backfill of the bridge's abutment, which causes an uneven longitudinal level of the rail, commonly designated as 'bump' and 'dip' profiles. 8 Both factors amplify the dynamic interaction forces between the train and the track at the transition zone, and consequently increase track degradation rates.
We believe that more research is required on the effect of differential settlements at transition zones because it is more critical than the influence of stiffness variation. This point of view is supported by other authors. 1, 9 Also recent studies have shown that a smooth stiffness variation can be achieved using resilient elements of the track superstructure with optimized elastic properties 10, 11 and/or with an adequate design of the backfill. 7 Although there have been numerous numerical studies that have addressed the influence of the vertical stiffness at transition zones, only a few authors have focused on the influence of the settlement profile of the backfill, and some of them used very simple numerical models, as discussed in Fortunato et al. 12 In order to address this gap and contribute to the state-of-the-art, we carried out a study using a more efficient and robust numerical approach to isolate the effect of differential settlements on the dynamic train/track interaction. In addition, the numerical approach is innovative in that in takes into account:
. all the relevant components of the track, bridge and backfill; . a train model with primary and secondary suspensions; . the train/track interaction using contact algorithms, at the wheel/rail interface, and between the sleepers and the ballast layer -all fundamental aspects in accounting for the development of hanging sleepers and their negative effects in the dynamic train/track interaction; . a previous calibration and validation procedure that used extensive field measurements obtained in the track, presented in earlier studies; 10, 13, 14 . realistic longitudinal level profiles of the track that resulted from settlement profiles (based on earlier studies 9, [15] [16] [17] [18] ) imposed on the track.
Within the scope of a research project on transition zones, we have used an earlier version of this model, which proved to be very accurate for simulating the dynamic behaviour of the train/track system at a transition zone to a bridge on a Portuguese railway line. 13 That study reported an extensive validation of the model using field measurements, but it did not address the topic of differential settlements. As a result of that work, we have adapted the model to assess the influence of the shape and amplitude of the settlement profiles of the backfill, thus contributing to a better understanding of the dynamic behaviour of the train/ track system at transition zones.
Description of the numerical model General aspects
The numerical model was developed in ANSYS Õ . It consists of a track stretch of about 57 m on the embankment (on the backfill of the bridge's abutment) and a stretch of approximately 115.5 m on the bridge (on the abutment and on the deck), as illustrated in Figure 1 (a).
Although it is a two-dimensional (2D) model, the numerical method was developed to represent the behaviour of a full track cross-section 19 and it has been successfully applied to the study of transition zones, following extensive calibration and validation work with field measurements. 10, 13 The model developed for this study, in particular, considers various aspects of the track superstructure, its substructure and the bridge, using 24,537 nodes and 28,096 elements. The two rails (type UIC60) were modelled as one continuous beam with 0.075 m long elements, with a cross-sectional area of 2 Â 7.7 Â 10 À3 m 2 and a moment of inertia of 2 Â 30.55 Â 10 À6 m 4 . The pairs of rail pads on each sleeper were modelled as three independent vertical spring/damper elements, as depicted in Figure 1 (b) and (c). Following previous experimental and numerical studies 10, 13, 14, 20 , the rail pads were considered to have a vertical stiffness of k rp ¼160 kN/ mm and a vertical damping value of c rp ¼17 kN.s/m. Plane-stress elements with four nodes were used to represent the sleepers, the bridge abutment and the layers of ballast, sub-ballast, capping and embankment soils (Figure 1(b) ). In ANSYS Õ it was possible to define the width values of each plane-stress element, they were initially calibrated using reduced threedimensional (3D) static models. This process is described in detail by Alves Ribeiro 19 and, basically, it uses an optimization algorithm to minimize the differences in the vertical displacements between the 3D and 2D models. Table 1 presents the properties of the materials considered in the model. A Rayleigh damping coefficient of a ¼ 8.52 s À1 was considered for all materials.
Contact elements available in ANSYS Õ software (CONTA175 elements on the bottom node of the sleepers and TARGE169 elements on the surface of the ballast layer 21 ) were included at the sleeper/ballast interface to account for the eventual separation of these two track components and to study the development of the hanging sleepers 22 (Figure 1 (b) and (c)). Viscous boundary conditions were included in the left vertical boundary of the model (Figure 1(a) ), to minimize the effect of wave reflections, as suggested in White et al. 23 The displacements of the bottom nodes of the model were vertically restrained.
The deck of the bridge was modelled as one continuous beam with 0.15 m-long elements located at the centre of gravity of the deck's cross-section. Initial tests showed that it was necessary to model at least three spans of the bridge to account for the influence of the bending of the deck on the behaviour of the train/track system.
The consideration of the train/track interaction using complex contact algorithms in the dynamic analyses that were performed involved a significant computational effort and long calculation times. Therefore, reasonable and justified simplifications were necessarily implemented in the model, including the absence of the nonlinear behaviour of the materials. In addition, the numerical code that was used (ANSYS Õ ) did not account for any material law that was suitable to represent the nonlinear behaviour (both the resilient and plastic deformation) of the geomaterials of railway tracks. Nevertheless, as regards the resilient behaviour, our earlier studies 24, 25 and other publications 26 suggest that a good overall representation of the behaviour of the track can be achieved considering the linear elastic behaviour of the geomaterials. Because this study focused on the dynamic (transient) response of the track, rather than on the long-term behaviour, the plastic deformation of the geomaterials was not taken into account. Examples of studies addressing the long-term behaviour of transition zones can be found in the literature. 19, 26 Train model
Bearing in mind that this study addressed transition zones on the Portuguese railway network, the dynamic analysis was performed taking into consideration the fastest passenger train in-service in Portugal -the tilting 'Alfa Pendular' train that travels at 220 km/h (Figure 2 (a)). Figure 2 (b) shows the train model considered in this study and Table 2 presents some of its characteristics. 27 The bogies and car bodies were considered as rigid bodies.
The wheel/rail interaction was modelled as a nodeto-beam contact that allowed sliding and loss of contact (CONTA175 elements on the axle nodes and TARGE169 elements on the surface of the rails 21 ). The Pure Lagrange multiplier contact algorithm was considered in the analysis. 28 We used the full Unbound granular material and cement-bond mixture, respectively. 7
Newton-Raphson method to solve the nonlinear equations of the problem and the Newmark implicit time integration method to solve the transient dynamic equilibrium equations. A time step of 0.001 s was considered in the study.
Numerical simulations Uniform settlement of the backfill
In an attempt to simulate scenarios in which settlements occurred in the backfill, at the substructure level, we altered the mesh of the model to reproduce those conditions. Four hypothetical scenarios of uniform settlement of the backfill were studied, considering a maximum settlement value of max ¼ 1, 5, 10 and 15 mm in each case ( Figure 3 ). To that aim, the top nodes of the ballast layer, on the backfill section, were moved downwards, based on those values, as depicted in Figure 3 (b). In the initial time steps of the calculation, the rails, sleepers and rail pads on the backfill settled on top of the ballast surface due to the gravitational force applied to those track components. Shortly after, a new equilibrium was established, resulting in an uneven longitudinal rail profile. As expected, due to the bending stiffness of the rails and the uneven surface of the ballast that was created, some of the sleepers on the backfill (those closer to the abutment) were seen to hang from the rails. This aspect represents a track malfunction that is frequently reported by railway infrastructure managers at transition zones and is thought to induce severe track degradation. 17,22,29À31 Figure 4 shows a comparison between the vertical displacements of the first axle along the transition zone, obtained for different settlement values, max : 0, 1, 5, 10 and 15 mm. The results are only for trains running from the embankment to the bridge.
Although the settlements were introduced in the track section on the backfill, up to the abutment's back wall (at x ¼ 0 m), it can be observed that the train's axle starts an upward movement a few metres prior to that position. This aspect is related to the existence of hanging sleepers at that location. Some of the hanging sleepers applied short impulse loads on the ballast when the axles passed over them, whereas others never came into contact with the ballast. Figure 5 presents examples of the rail displacements at x ¼ 0.9 m, which corresponds to a position between two hanging sleepers on the backfill. The results show that the amplitude of the displacements increases with max , indicating a growing track instability. Table 2 ). Table 2 . Characteristics of the train model (see Figure 2 (b)) 27 Figure 6 shows the extent of the problem caused by the uneven rail profiles, in terms of the train/track interaction forces obtained with the contact elements of the first axle, in the normal direction, with respect to the rail alignment. Although no significant variation of this parameter was expected in very good track conditions, the dynamic component of the train/track interaction reached very high values as settlements increased: up to about 1.6 times the static axle load value, with max ¼ 15 mm.
In numerical studies, Zhang et al. 30 performed a parametric study on the effect of unsupported sleepers, considering different train speeds, the number of consecutive hanging sleepers and their gap sizes (distances between the bottom of the sleeper and the ballast layer). Considering gap sizes of 1 and 5 mm, they reported interaction force increments of about 10% and 52%, respectively, for a train speed of 220 km/h with an axle load of about 150 kN. Comparatively, in this study, the increments of the interaction force were about 8% and 31% for max ¼ 1 and 5 mm, respectively. The lower increments obtained here may be a consequence of the lower axle load of 132 kN. Moreover, although the study by Zhang et al. 30 considered six consecutive hanging sleepers with the same gap size, the total number of hanging sleepers in this study was not constant (three and six sleepers for max ¼ 1 and 5 mm, respectively) and the gap size decreased with the distance to the abutment, from slightly less than max to almost 0 mm. Other numerical studies have also reported the negative effect of hanging sleepers on the train/ track interaction, showing results similar to those presented here. 29, 32 With regards to the influence of the train's direction, Figure 7 shows axle displacements and train/track interaction forces along the transition zone for max ¼ 15 mm. In Figure 7 (a), some differences are perceived around 3 > x > À3 m. In terms of train/track normal interaction forces (Figure 7(b) ), some differences were also observed, however, the amplitudes of the dynamic component were of the same order. When the train exits the bridge, the peak values of the first axle occur on the backfill (at about x ¼ 1.5-2 m from the abutment wall), with peak load variations of þ69% and À49%, for the static axle load of 132 kN. In the opposite direction, the axle induces two important peaks: one on the backfill section, immediately behind the abutment wall, and another one on the bridge, with load increments of þ68% and þ70%, respectively. The lowest peak value was also obtained when the train entered the bridge, denoted by a load reduction of À66%. Considering the conditions of the simulations, this direction seems to be the worst-case scenario in terms of both track degradation and loss of contact between the wheels and the rails. In earlier studies, we found that with very good track conditions and without sharp variations of support conditions, the train's direction only had a minor influence on the results. 10, 13 That conclusion does not seem to apply in cases that present an uneven rail profile, as demonstrated here.
In the simulations presented in the subsequent sections, and taking into account the obtained results, we will only focus on the train's direction from the embankment to the bridge. The tested scenarios also seem to cause problems related to rail fatigue, but this aspect was thought to be outside the scope of this study.
Considering the case of max ¼ 15 mm, the peak vertical acceleration of the car body was about 0.86 m/s 2 and the maximum variation of the interaction force between the car body and each bogie was roughly 18 kN. The scenario of no settlements at the backfill produced negligible accelerations inside the car body. These results confirm that, when studying transition zones with uneven rail profiles, the consideration of the car body can induce relevant load variations on the bogies and, consequently, on the wheel sets and track. Thus, in these conditions, it seems inadequate to simplify the train model as independent bogies (without car bodies), similar to what we found to be appropriate in situations without differential settlements. 10 The 'Eurocode 0' recommends a threshold value of AE1m=s 2 for the vertical accelerations inside the car body that corresponds to the limit of a very good level of passenger comfort. 33 The peak vertical accelerations obtained in the simulations were slightly below that limit. Nevertheless, the scenarios of uneven rail profiles induced important variations in the normal forces between the car body and bogies, and severe load variations at the wheel/rail interface, as previously mentioned (Figure 7(b) ). This emphasizes that passenger trains are effective in ensuring very good comfort level for this type of short-wave track defects, despite the severe impacts at the rail and track levels.
Simplification of the train model
Considering past in-situ measurements 13 and the results presented here, it became evident that segments of the time history records seem to be repeated for every pair of enclosed bogies. The effect of the enclosed second and third bogies is almost identical to the subsequent enclosed bogies. This is due to the very similar configuration and axle loads of the coach cars (Figure 2(a) ) and to the considered mechanical properties of the railway track. Moreover, the train speed is not excessively high and well below the critical velocities.
We found that, for the scenarios under study and considering that the axles have the same load value of approximately 132 kN (the average axle load of the train), it was sufficient to model a minimum number of two cars. To demonstrate this aspect, the previous scenario of a uniform settlement of 15 mm at the backfill is used as an example. Figure 8 shows that the vertical displacements and train/track interaction forces are practically the same for the fifth and 21st axles (the first axle of the third and 11th bogies, respectively) obtained with the full train (six cars) and the two-car models.
As a result, a replication procedure was used in the following simulations to reproduce the effect of the full train using a two-car model, which created a reduction in calculation times and computational effort. Figure 9 shows the replication procedure applied to the rail displacements obtained at a track section with hanging sleepers, close to the back wall (at x ¼ 0.9 m). The same behaviour of the train/track system repeats itself for every pair of enclosed bogies (segments inside the dotted box in Figure 9 ). The simulated results (after replication) of a full train are practically the same as those obtained with the actual full train (six cars).
Influence of different settlement profiles at the backfill
Aiming to assess the influence of different settlement profiles on the levelling of the track and on the dynamic response of the train/track system, four shapes of hypothetical settlement profiles were studied, as depicted in Figure 10 :
. U : uniform settlement of the track substructure along the approach; . W : settlement profile resulting from a wedgeshaped backfill using materials with improved mechanical properties: 7 UGM and CBM; . S : sharp settlement variation at the bridge approach;
. G : gradual settlement variation at the bridge approach.
For each shape (U, W, S and G), four settlement profiles were analysed corresponding to different maximum amplitudes of settlement, max : 1, 5, 10 and 15 mm. The first profile shape, U, regards the scenarios presented earlier in the section 'Uniform settlement of the backfill'. The settlement profiles were also applied to the top nodes of the ballast layer in the model (Figure 3) .
The four profile shapes under study were determined so as to resemble profiles reported by railway infrastructures managers 1, 8 and based on previous studies. 9,15-18 Figure 11 shows the settlement profiles and the positions of the sleepers that resulted from the adjustment of the track to the respective settlement profile in unloaded conditions (only gravity acting on the track frame). In the legend of the subsequent figures, the capital letters represent the profile shape (Figure 10) , followed by the value of max (unit: mm). It can be observed that the new track profiles resulting from shapes U and W resemble typical 'bump' profiles, whereas shapes S and G are similar to 'dip' profiles. 8 As mentioned earlier, due to the bending stiffness of the rails, some sleepers hang from the rails with gaps under them. For each profile shape, the number of hanging sleepers increased with the value of max . The position of the hanging sleepers is identified in Figure 12 with the respective size of the gap.
As expected, profile shapes U and G yielded the highest number of hanging sleepers and the largest gaps for each value of max , for example, in shapes U and G, with max ¼ 15 mm, the results revealed nine and eight consecutive hanging sleepers, respectively, and maximum gap sizes of about 13 mm. Figure 13 shows a comparison between the various rail profiles, in their unloaded position, and the vertical displacements of the fifth axle. In general, the fifth axle yielded the highest vertical displacements. In some cases, it underwent important oscillations near the abutment, indicating track instability due to the presence of hanging sleepers. Except for profile shape W, some of the hanging sleepers closer to the backfill did not establish contact with the ballast elements, when directly loaded by the axles. In some cases, an important uplift was visible on the track over the abutment, also yielding hanging sleepers. Profiles with shape S seemed to be less severe than profiles with shape G, because they create a track defect with shorter amplitude and length. Luomala and Nurmikolu 17 measured comparable vertical displacement amplitudes on sleepers at faulty transition zones, with similar train speeds and axle loads.
The accelerations measured in the axles of the trains are related to the quality of the track. For example, in high-speed railway lines in Spain, track sections that yield vertical accelerations above 30 m/s 2 , measured on the axle, need to be followed up with intense monitoring; accelerations above 50 and 70 m/s 2 require, respectively, planned maintenance and immediate intervention. 2, 34 Considering these limits, the results of the peak values of the vertical accelerations (Figure 14) show that profiles with shape W are characterized by a very good ride quality. Peak values obtained with profile shapes U and G were quite similar and exceeded all the above limits in several axles when max 55 mm. Profiles with shape S exceeded the 30 m/s 2 limit when max 510 mm and the 50 m/s 2 limit when max ¼ 15 mm, but the 70 m/s 2 limit was never surpassed. For max ¼ 1 mm, all the profiles showed peak accelerations below 10 m/s 2 . Despite the high axle accelerations obtained in most profiles, the maximum vertical acceleration in the car body still remained below the limit of 1 m/s 2 established in EN1990 33 , in all studied scenarios. This denotes a very good comfort level for the passengers, as addressed earlier. It should be mentioned that the numerical model does not account for the random nature of the dynamic response of the track at high frequencies, which are a result of short-wave irregularities in the track and wheels, nor does it consider lateral movements, yawing or rolling of the car's bodies and bogies. Consequently, higher amplitudes of the axle acceleration can be expected if measurements are performed in real situations with similar conditions of settlement profiles. Figure 15 shows peak variations of the normal train/track interaction force (in percent) for the first eight axles of the train, calculated as ÁP p ¼ ðP p À P s Þ=P s , where P s is the static axle load of 132 kN and P p is the peak axle load. The results confirm that very low variations of the train/track interaction can be expected for profiles with shape W, suggesting reduced track degradation. On the other hand, the amplitude of the interaction force in the remaining profile shapes seems to significantly increase with the settlement, due to the sharp U5 U10 U15 W1 W5 W10 W15 S1 S5 S10 S15 G1 G5 G10 G15 Figure 14 . Maximum and minimum peaks of the vertical accelerations of the first eight axles. variations of the rail's position at the approach to the abutment. Some variability is observed, depending on the profile's shape and value of max , and there are a few cases where the load increased by 100-150% in profiles with shapes U and G. The lower horizontal lines in Figure 15 represent the recommended axle offload limit (À40%) for the train/track interaction forces, considered in other studies. 35 It is clear that only profiles with shape W or with max <5 mm seem to comply with this limit. This aspect highlights the risk involved in transition zones without adequate maintenance, although the vertical accelerations obtained inside the car bodies denote very good passenger comfort.
Regarding the frequency content, the effect of the tested uneven rail profiles is mostly visible below 100 Hz for this train speed, as depicted in Figure 16 , which considers the train/track interaction force of the fifth axle in the frequency domain.
To illustrate the extent of the problem caused by the hanging sleepers, Figure 17 shows peak values of the total contact force obtained between the underside of each sleeper and the ballast layer, depending on the value of max and the distance from the sleeper to the abutment wall, x. Profile shapes U and G produced comparable results and seem to yield very severe situations, amplifying the load on the ballast by about 1.7, 3.6, 5.0 and 5.8 times, under the sleeper aligned with the abutment wall, when max ¼ 1, 5, 10 and 15 mm, respectively. This aspect suggests a significant increase in the degradation of the ballast layer with increasing max . On the other hand, profiles with shape W did not show significant amplifications of the contact forces -the peak values were kept between 55 and U1  U5  U10  U15  W1  W5  W10  W15   G1  G5  G10  G15  S1 S5 S10 S15 Figure 15 . We also noticed that, in each tested case, the highest peak loads occurred at the sleepers that were not hanging, but were adjacent to the hanging sleepers that had the largest gaps (in these cases, the first sleeper behind the abutment wall, at about x¼À0.15 m). This can be explained by the fact that the static weight of the rail and of the hanging sleepers, plus part of the axle load, was directly transferred to those sleepers that were not hanging. Similar observations have been reported in other numerical studies. 19, 24, 32 Figure 18 shows peak vertical accelerations of the sleepers along the transition. Again, profile shapes U and G seem to produce similar results with increasing acceleration values of max , not only near the abutment wall, but also in a zone stretching by about 10 m on the backfill and on the bridge.
Conclusions
We have presented a numerical study on the influence of the settlement profiles of the backfill on the dynamic train/track interaction at the approach to railway bridges -the transition zone. With that aim, a numerical model was used to simulate the effect caused by different shapes of settlement profiles and different settlement amplitudes (up to 15 mm).
It was possible to conclude that the number of hanging sleepers and the gap between the sleepers' underside and the ballast layer depend not only on the maximum settlement amplitude, but also on the shape of the profile. In addition, the development of differential settlements on the backfill can lead to critical situations in terms of track degradation (due to an excessive load on the track) and safety requirements (offload limits and loss of axle/rail contact). In some scenarios, the vertical accelerations of the axles may exceed maintenance-related limits, established by railway infrastructure managers. In general, peak axle loads and accelerations increased with the amplitude of the settlement, but it may also depend on the shape of the settlement profile. Normally, the greater the number of hanging sleepers and gap sizes, the higher the vertical accelerations of the sleepers and the larger the vertical contact forces between the sleepers and the ballast layer. Despite these downside aspects, a very good level of passenger comfort was observed in all tested scenarios.
The cases of settlement profiles associated with wedge-shaped backfills indicate an adequate behaviour of the train/track system because none of the limits related to track degradation or safety were exceeded. This finding supports the conclusion that wedge-shaped backfills seem adequate to address the problems related to abrupt variations of the track's stiffness and differential settlements normally found at transition zones. Although this study reports a theoretical approach, the obtained results may be regarded as recommendations for the design of bridge approaches, particularly, the suggestion to include wedge-shaped backfills at these locations of the railway tracks. To account for the variability of the development of settlement profiles at transition zones, further research is necessary and improvements in the model need to be introduced. For example, future developments could include the incorporation of the plastic deformation behaviour of the geomaterials, aiming at predicting the development of more realistic settlement profiles, and testing and comparison of other structural solutions for transition zones, such as approach slabs, under sleeper pads or different backfill designs.
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